Diffusivities and equilibrium absorption of sodium chloride and glycerol in cation exchange resin Dowex-50 were determined by making a two-constant fit of experimental data to a diffusion model. The variables studied were: resin cross linkoge-2% to 12% divinylbenzene, temperature-25' to 80"C, concentrations in the equilibrating solution, resin particle size, flow rate of the eluting distilled water. Diffusivities increase with decrease in cross linkage and with increase in temperature. The ratio of the diffusivities of sodium chloride or glycerol in the resin to that in water is between 0.2 and 0.35 for 2 % DVB and between 0.025 and 0.1 for 12% DVB. Diffusivities were found to be independent of the third, fourth, and fifth variables. The amounts of solutes absorbed a t equilibrium also increased with a decrease in cross linkage and an increase in temperature.
Most chemical reaction and separation systems involve the transport of one or more components in a solid phase. In processes such as solid catalyzed reactions the effect of solid phase transport may be negligible, although it is often difficult to identify it in the analysis of rate data. In other processes, such as ion exchange, the effect of solid phase transport may be large. In ion exclusion processes particularly the resistance to transport in the solid phase probably predominates in determining the effectiveness of separation.
The present investigation undertakes to determine the transport resistance which affects the separation of glycerol and sodium chloride through the use of a typical ion exchange resin, the sulfonated crosslinked polystyrene marketed as Dowex-50. The data have been evaluated on the basis of a diffusion mechanism.
E X P E R I M E N T A L
The experimental plan of this investigation was to determine the quantity of a given component which was extracted into water during a measured period of time from a known quantity of resin containing a definite, though unknown, amount of the component a t time zero. These data were then fitted to the unsteady state diffusion equation written for a spherical particle on the assumption of a constant diffusivity with other appropriate assumptions and boundary conditions, the result of the fitting process being values of diffusivities over a range of temperatures and concentration levels. The conditions of the experimental work were such that the transport resistance of the liquid phase was negligible.
M A T E R I A L S USED
The resin used in this study was Dowex-50W, a sulfonated polystyrene resin cross linked with divinylbenzene. The degree of cross linking of the polystyrene chains is controlled by the amount of divinylbenzene used in the manufacture of the resin. In this study resin with 2, 4, 8, and 12% divinylbenzene was used. Dowex-50 is hard, tough, and usually in the form of spherical beads. When immersed in water or any other solvent it swells. The swollen resin is a gel. It may be considered as a homogeneous phase distinct from the external solution. The sodium form of the resin was used. The resin supplied by the manufacturer was treated repeatedly with concentrated sodium chloride solution and then washed with distilled water until free of chloride ion.
Batches of 20-to 50-mesh and 50-to 100-mesh resins were wet screened, and the resin particles caught by the wires of the screen were collected. These carefully sized A.1.Ch.E. Journal resin beads were dryed at constant temperature of 20°C. and a constant humidity of 50%. Broken particles were rejected.
The diameter of the treated particles was measured under a microscope, and a mean diameter was calculated from nieasurements on 50 to 100 particles. The dimensions of the particles are presented in Table 1 .
M E T H O D S OF A N A L Y S I S
Sodium chloride and glycerol contents of the solutions analyzed were in the order of 10 to 1,000 p.p.m. Sodium chloride content was obtained by determining the concentration of sodium ions with a flame photometer. Glycerol was analyzed by oxidation with periodic acid and determining the excess periodate ( 7, 11 ).
E X P E R I M E N T A L PROCEDURE
For each resin and each particle size studied fifteen baskets made from stainless steel wire screen were filled with a weighed amount (1 g.) of the resin. The resin particles were spherical and uniform in size. Figure 1 shows a typical basket.
These baskets were immersed for about 12 hr. in a solution containing sodium chloride and glycerol in order to bring the resin to equilibrium with the surrounding solution.
Each basket was placed in a rubber conduit, and distilled water was pumped at high velocities through the assembly as indicated in Figure 2 . During this time sodium chloride and glycerol transferred out of the resin particles and were carried away by the stream of the distilled water. Owing to high flow rate of the distilled water the equilibrating solution from the Fig. 2 . Sketch of equipment used for diffusion study.
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I interstices between the particles was removed in a fraction of a second. The process was interrupted suddenly by pulling the basket out of the conduit without discontinuing the flow. A synchronized electric timer recorded the time for which each basket was subjected to the stream of eluting distilled water.
The amounts of materials retained by Ithe resin particles after elution with distilled water described above were determined by extracting them from the resin in 100 cc. of distilled water and analyzing the solution thus obtained. The actual extracting was carried out in three stages with about 30 cc. of distilled water for 10 min. for each stage. Further extraction showed that more than 99.7% of the material was extracted from the resin. The experimental conditions were such that during elution the film of the liquid adjacent to the resin particles has negligibly small concentration; consequently no special techniques are required for separating this film, and it does not produce any significant error in determining the amounts of materials retained by the resin particles after elution.
Data from an experimental run described above gave a table indicating the milligrams of sodium chloride and glycerol left in the resin when subjected to eluting distilled water for different periods of time. Table 2 shows the data obtained from a typical experimental run.
CALCULATION OF DIFFUSIVITIES
The amount of sodium chloride and glycerol remaining in the ion exchange resin at the time t depends on the amount that was present in equilibrium with the saturating solution a t time zero and the resistance to the transfer of the materials from the resin to the eluting stream of water. The derivation of Equation (1) is readily available in the literature (1, 2, 3, 6 ) . It is obtained by solving a partial differential equation representing a material balance for a unit element of volume within a resin particle. In the derivation it is also assumed that the resin particles are perfect spheres of equal and constant size, there is radial symmetry within each particle, the diffusivity is a constant, the concentration of the solute within the resin is uniform at the start of the elution process, and the concentration of the solute a t the surface of the resin particles is zero a t all times.
Generally fifteen to twenty points of data for q vs. t are obtained for each run. These are fitted to the above equation to obtain the values of the unknown parameters q. and D. The method of curve fitting used to obtain these parameters is described in the following section.
METHOD OF SUPERPOSITIONING
In Equation (1 scale, a plot of q vs. t on the same logarithmic scale as the master curve described above would have exactly the same shape as the master curve and would be displaced laterally along the two coordinate axes by the amounts log l/q, and log n'D/R' respectively.
Hence in order to make a two-constant fit of the data of q vs. t the data are plotted on a logarithmic paper. A master plot of q/q. vs. P'Dt/Ra is made on a transparent logarithmic paper on the same scale as the data. Now the master plot is moved horizontally and vertically, without any rotation at all, over the plot of the data until a good fit is obtained. When such a fit is obtained, the point on the master plot with the coordinates q/q. = 1 and n2Dt/R2 = 1 coincides with some point, say (q", t * ) , on the paper on which the data is plotted. The co- Figure 3 shows data from a typical run, plotted on the logarithmic scale and fitted by the method described here. As can be seen the range of q/q. covered by the data is from 0.9 to 0.05; that is the diffusion equation is fitted to a very wide range of the elution process. The range of values of time for the elution period for all data was generally 2 sec. to 10 min.
RELIABILITY OF THE METHOD OF SUPERPOSITIONING
To get some information about the reliability of the method of superpositioning a run of thirty-five data points was taken, and the data were plotted on three logarithmic papers; the first had the eighteen odd numbered data points of the run, the second had seventeen even numbered data points, and the third had a11 the thirty-five data points. All the three sets of data were fitted by ten different individuals by superpositioning a master plot, and the values of q' and t' were obtained. The values obtained in all the three fits agreed with each other to ? 5%. Table 3 shows the diffusivities of sodium chloride and glycerol in Dowex-50 with 8% divinyl benzene at In general the diameter of the resin particles was 0.608 mm., the weight of the resin in each basket was 1.000 g., and the superficial velocity of eluting water was 150 cm./sec. t t The weight of resin in each basket was 0.500 g.
RESULTS
f)" The weight of resin in each basket was 2.000 g.
and they are independent of the than that for lower percentages of diswelling and shrinking of the resin and the volume changes accompanying the same.
DISCUSSION
vinylbenzene.
The amounts of sodium chloride and glycerol absorbed by the resin at equilibrium increases with decreased divinylbenzene cross linkage. Temperature produces, comparatively, a small effect on the equilibrium values. For higher percentages of divinylbenzene in the resin the effect of temperature on the equilibrium absorption is smaller The experimental setup and the conditions were so devised as to render quite reasonable the assumptions involved in the derivation of Equation ( I ) , such as uniform spherical particles, constant initial and surface concentrations, etc. A very high flow rate of eluting distilled water was required to rapidly replace the concentrated equilibrating solution from the interstices of the resin particles. Othenvise for small values of time ( 2 to 15 sec.) large errors would be introduced in the data in two ways. Since the total amounts of solutes eluted from the resin are of the order of 10 to 100 mg., even a small amount of equilibrating solution present in the liquid film adhering to the resin would produce a large error in the final measurement of the amount of solutes present in the resin. At the start of the elution process the resin would not be subjected to the condition of zero concentration of the solute at the interface, and a time lag would be introduced which in its turn would result in a lower value of difhsivity on fitting the data. The actual flow rate used in this research gave a superficial velocity of 150 em./ sec. through the resin bed. At this flow 
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rate more than 99.5% of the equilibrating solution was displaced from the interstices of glass beads of the same size in less than a second. The flow rate was more than adequate to make the mass transfer resistance through the liquid film negligible and to carry away the eluted solutes so that their concentration in the bulk of the liquid phase during elution stayed at less than a part per million.
The derivation of Equation (1) assumes that the diameter of the resin particles and diffusivity are constant. Experimental evidence shows that for the range of concentrations studied in this research these are reasonable assumptions for the resin with 8% divinylbenzene (note Table 3 ) . The effect of varying concentrations was not studied for other cross linkages. It is possible that for the resins with smaller degrees of cross linkage the diffusivities may be functions of the concentrations, since these resins swell and shrink more with changes in concentrations. The change in diameter of resin with 8% divinylbenzene is less than 4% with the changes in concentrations in the range of 0 to 15% sodium chloride and 0 to 25% glycerol (9, 10) . In all calculations in this research the values of the diameter of the resin particles in distilled water were used. When a Tesin shrinks with change in concentrations, the diffusivity is likely to be reduced. Also the path for diffusion gets smaller. In a sense, these two effects are compensating.
For one cross linkage of the resin, 8 % divinylbenzene, and one temperature, 25"C., it is possible to compare the equilibrium amounts of sodium chloride and glycerol obtained in this study with the values reported by Shurts and White (9, 10) and Whitcombe, Banchero, and White ( 1 4 ) . Table 4 shows that there is a fairly good agreement.' This is interesting since the data of the other researchers were taken under static conditions of equilibrium, whereas the values in this thesis have been obtained from fitting unsteady state rate data.
The values of diffusivities obtained in this research are essentially empirical constants obtained by fitting data to the diffusion model. Since sodium chloride is ionized, diffusion of sodium chloride as such is accomplished by the simultaneous diffusion of sodium ions and chloride ions. In accordance with the theory of electrolytic diffusion in ion exchanges ( 4 , 5 ) , the driving force for the diffusion consists of the concentration gradients and the electrical potential gradients caused by the difference in diffusivities of chloride ions and sodium ions. The net flux of the two ions however is the same in order to assure electroneutrality. Experimental data measuring the net flux may then be correlated as in this research to give an apparent value of diffusivity for sodium chloride molecules.
In general, concentration dependence of the apparent diffusivity of an electrolyte may be expected The fact that in the present research the diffusivity of sodium chloride was independent of concentration indicates that either the difhsivities of the sodium and the chloride ions are about equal or that the experimental conditions are such that the diffusion of either one or the other ion is the rate controlling mechanism. In the present case of elution measurements the theory of electrolytic diffusion mentioned above leads one to expect that the rate would be controlled by the diffusion of the so-called co-ion in the resin, namely the chloride ion in the present investigation. 
